Selenium is of special interest in different research fields due to its narrow range between beneficial and toxic effects. On a global scale, Se deficiency is more widespread. Biofortification measures have successfully been applied to specifically increase Se concentrations in food crops. Still not much is known about the behaviour and long-term fate of externally supplied Se. Over many years, natural but external selenate is regularly introduced into the soil-plant system via irrigation at our study sites in Punjab which makes it also an ideal natural analogue to investigate the long term effect of biofortification. For our study, we combined total and species specific analysis of Se in soil and plant material. Selenium is clearly enriched in all investigated topsoils (0-15 cm) with concentrations of 1. 
Introduction
Selenium (Se) is a micronutrient which is oen called a "doubleedged sword" 1 due to its ambivalent nature with regard to human and animal health. On the one hand, Se is an essential trace element with multiple positive functions like reducing the risk of cancer and cardiovascular diseases or enhancing the detoxication of heavy metal intake. [2] [3] [4] On the other hand, both low and excessive dietary intake could cause various health risks or disorders in humans and livestock. [5] [6] [7] The range of adequate Se intake is one of the narrowest known. 8, 9 Recommended limits of safe daily dietary Se intake typically vary between 55 and 400 mg d À1 for adult humans 8, 10 but the onset of actual pharmacological and toxicological effects further depend on age, gender and weight of the individual person. 2, 11, 12 For livestock, 0.05-0.1 mg Se per kg dry weight (dw) are suggested as minimum requirement in their feed while toxic effects are expectable above 2-5 mg Se per kg dw. 13, 14 The actual impact, however, varies with animal species. 15 The bioavailability and bioaccessibility and thus, also its health effect, are further controlled by the form of ingested Se. 4, 16, 17 Plants, which are the main Se source for humans and animals, 5, 6, 18, 19 play a decisive role in this context due to their ability to transform inorganic species that are taken up from the soil into organic Se species that are mainly less toxic and more accessible.
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High Se concentrations in water can be of concern if transferred to the soil-plant system via irrigation leading to toxic Se concentrations in food as reported in several cases worldwide. [20] [21] [22] Therefore, limits for Se in irrigation water of 10-20 mg L À1 were advised by several states and organisations in the past.
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Selenium concentrations in soils are generally low with 0.01-2 mg kg À1 (average: 0.4 mg kg À1 ) but soils with highly elevated
Se concentrations (>2-5000 mg kg À1 ), called seleniferous soils, are widely distributed throughout the world (USA: #28 mg kg À1 ;
Ireland: #1200 mg kg
À1
, China: #59 mg kg À1 ). 1, [26] [27] [28] In India, both Se decient (0.025-0.71 mg kg À1 ) and seleniferous soils (1-20 mg kg À1 ) have been described. 26 Primarily, the Se concentration in soils is determined by its content in the parent rock as well as the topography and climate. Over time, however, deposition of seleniferous erosion material, poor drainage of soils, irrigation with Se containing water and input through mining operations, volcanic eruptions, precipitation, combustion of coal or petroleum can considerably overprint the background Se content in soils. 26, [28] [29] [30] [31] Consequently, the Se distribution is usually heterogeneous and site specic. 32, 33 It is generally acknowledged that Se transfer from soils into plants and thus into the food chain is controlled by the Se speciation rather than its total concentration. 11, 33 Selenate is seen as the most mobile and bioavailable form in soils because of its weak adsorption to minerals through electrostatic forces and its inability to form insoluble salts. 33, 34 The lower mobility and availability of selenite to plants can be explained by its high affinity to clay minerals and Al/Fe oxyhydroxides to which it is xed through strong inner-sphere surface complexes. 35, 36 Both inorganic species can be transformed by biotic and abiotic processes but typically co-exist in soils. 37, 38 Under anoxic conditions, microbes are able to further reduce selenite to insoluble elemental Se or selenides. [39] [40] [41] [42] Methylated Se species, which are oen volatile, are another product of microbial processes 43 and can be an important factor for the loss of Se from the soils directly to the atmosphere. 44 In general, the behaviour of organic Se species in the soil-plant system is less clear but organic Se species have been reported to be readily taken up by plants. [45] [46] [47] Selenium bound to organic matter, however, is considered as important long-term pool for Se in soils because of its low direct bioavailability. In short, the Se speciation and thus its bioavailability is susceptible to various reactions and processes in soil such as redox-transformations and pH shis, adsorption/desorption, precipitation/ dissolution, Se-ligand complex formation and methylation. 48 Plants differ in their ability to accumulate Se in their tissue. A distinction is made between primary accumulator (1000-10 000 mg per kg dry weight (dw)), secondary accumulator (<1000 mg per kg dw) and non-accumulator plants which mainly contain less than 50 mg per kg dw and oen even less than 5 mg kg À1 . 49, 50 Most forage and crop plants belong to the non-accumulator plants with rarely more than 25 mg Se per kg dw if grown on seleniferous soils 51 and 0.01-1 mg Se per kg on non-seleniferous soils. 52, 53 Unfortunately, no generally applicable threshold value can be formulated as precaution to prevent toxicity symptoms in plants and thus economic losses e.g. due to reduced yield for farmers. This is because the extent of both benecial and toxic effects of Se on plants is determined by several factors like Se concentration and speciation, plant species or agricultural practices.
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Due to its signicant role with regard to human and animal health it is generally acknowledged that ensuring an adequate Se intake in both decient and seleniferous areas is highly important. So far, however, the Se status of a region is mainly determined based on total Se contents in soil. The complexity of processes and interactions that control the transfer of Se into plants highly questions this approach. Different concepts have been developed over the years to intentionally increase or decrease the Se content in food. Many biofortication measures aim at increasing the concentration of bioavailable Se in soils. In this context, still not enough attention is paid to the inu-ence of Se speciation in soil on plant and food Se speciation and their relation to health. 54 To develop successful Se management concepts that are cost-and resource-efficient, the understanding of all interacting processes that determine the Se mobility, transfer and speciation in the soil-plant system has to be signicantly improved. Studies in controlled environments are helpful to elucidate individual processes but oen oversimplify important chemical, physical and biological processes that are present in nature. 33 The aim of this paper is to study the relation between Se concentration and speciation in groundwater, soil and different plant species in the context of longterm enrichment and toxicity in a known seleniferous area in Punjab, India, under natural conditions.
Study area
The study area, a small seleniferous area ($1000 ha) rst described by Dhillon and Dhillon, 55 is located in the state of Punjab, North-West India. It stretches over the districts of SBS Nagar (formerly known as Nawanshahr, 33.12 N, 76.13 E) and Hoshiarpur (31.12 N 76.13 E) and lies at the foothills (Shivalik range) of the Himalaya. All samples were taken near the villages of Jainpur and Barwa (Fig. S1 †) . Around both villages, approximately 400 ha are described as seleniferous (soil Se content >0.5 mg kg occurs during the monsoon from June to September. Most soils of the area are used for agriculture with wheat, maize, rice, sugarcane and forage crops (oat, clover, mustard etc.) as dominant cultivars. Nowadays, wheat-rice rotation (70%) is the dominant form of land use, which has largely replaced the former wheat-maize rotation. 59 Sugarcane is grown on about 20% of the cultivated area. 59 The growth period of wheat is from October to March/April. Most elds have to be regularly irrigated mainly using groundwater -the only source of water for irrigation due to extended periods of dryness especially during the winter and the high water demand of rice cultivation. 21 The demand of water for rice-wheat rotation ($2000 L m À2 a
À1
) is 3.3 times higher compared to maize-wheat rotation ($600 L m À2 a
).
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Crops grown in the area, especially wheat, regularly show toxicity symptoms like white and pink chlorosis. Furthermore, signs of selenosis have been reported from the area both in human and animals. 21, 55, 61 The daily dietary intake by humans clearly differs between seleniferous areas with 250-1150 mg per day per day and non-seleniferous areas with 40-80 mg per day.
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However, over the last years, no incident of selenosis of humans has been reported which might be due to a changed diet with a greater share of globally produced food; due to awareness about farm produce or an adaption to elevated Se concentrations.
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Materials and methods
Soil and plant sampling
Soil and plant samples were taken near the villages of Jainpur and Barwa (Fig. S1 †) . The sampling sites were selected based on the known distribution of seleniferous soils and visible signs of chlorosis to also include extreme sites into our study. Three soil depth proles (Field-1, Field-2, Field-3) (Fig. S1 †) divided into 0-2, 2-5, 5-10, 10-15, 15-30, 30-45 and <45 cm were sampled where wheat was growing during that time (Fig. S2 †) . The samples were taken by digging a small pit. For each depth interval, the respective layer was sampled horizontally starting with the top 2 cm. Samples > 45 cm were taken with a soil auger. Where plant samples were taken, a bulk soil sample of the root zone, which equals the top 15 cm, was taken. Field-1, located 1 km east of Barwa village, was situated next to an irrigation channel (Fig. S2 †) , which was dry during sampling time. Field-2 and Field-3 were located 1.5 km north-west of Field 1. The samples were taken approximately one meter inside the respective eld. Additionally, wheat plants (Triticum aestivum) were collected at each site. The wheat plants at Field-1 showed signs of white chlorosis (Fig. S2 †) , which was not visible at the other sites. Additionally, plant samples of Indian mustard (Brassica juncea), sugarcane (Saccharum officinarum), clover (Trifolium spec.), garlic (Allium sativum) and wheat (Triticum aestivum) showing pink chlorosis (Fig. S2 †) were taken. All samples were air dried in the laboratory of the Department of Soil Science of the Punjab Agricultural University.
Soil and plant bulk analysis
The bulk elemental composition of all soil samples was determined with energy dispersive X-ray uorescence analysis (ED XRF, Epsilon 5, PANalytical) using bulk powder samples in spectro cups, sealed with a Mylar lm of six mm thickness. A tungsten X-ray tube was used as radiation source, whereas a Gedetector was used for detection and quantication. In order to optimize the uorescence measurements, each sample was analysed by consecutively using BRAKLA -polarization targets (Al 2 O 3 ) and secondary targets (CaF 2 , Fe, Ge, KBr, Zr, Mo, Ag, CsI). A matrix specic calibration using standard addition was made for Se by spiking original soil material with different concentrations of a dissolved Se (Merck calibration standard) to lower the Se detection limit to $0.5 mg kg À1 . Selenium was determined using excitation by the Zr-secondary target, running the W-tube at 80 kV/6 mA for a measuring time of 500 s per sample. The accuracy was tested by including the reference material GRX5 (Park City, Utah, USA) into the measuring protocol showing a slight overestimation of Se of 10%. The accuracy of all other elements is given in the ESI. † To check for the quality of the ED XRF analysis, especially of the samples with Se concentrations below 1 mg kg À1 , Se was also determined by ICP-MS (X-Series2, Thermo Scientic) aer a microwave acid digestion using HNO 3 (65%, subboiled), H 2 O 2 (30%, p.a.) and HF (40%, suprapur). 100 mg of pulverized sample material was used for each sample and standard. The accuracy of the ICP-MS analysis (Se # 6.8%) was tested by including the certied standard HPS CRM-TMDW (High Purity Standards, USA) into the measurements. The quality of the digestion was tested by including the GXR4 and GRX5 reference material (Park City, Utah, USA) into the digestion process. The Se concentration of GXR5 was slightly underestimated by <12% probably due to losses of volatile Se. The Se concentration given in this study is based on ICP-MS measurements aer correction of the underestimated proportion (see in the ESI † for more details). To check for the reproducibility of the results, the samples from Field-1 were all digested and measured in duplicate (Table S1 †). More details on the results of the quality measures are given in the ESI. † The content of organic carbon (C org ) was determined aer decarbonization using a Carbon-Sulfur-Analyser (CS 2000, Eltra). A cement reference standard (90811-13) was used to check both accuracy (100 AE 1%) and reproducibility (AE0.8%, n ¼ 5). The pH-value of selected soil samples was determined both in H 2 O and 0.01 M CaCl 2 suspension with a WTW pHsensor (SenTix 81). More details on the method and results of the quality measures are given in the ESI. † Air dried plants were separated into different plant parts (root, stem, leaves, head, ower), freeze-dried for 24 h and grinded to powder or cut into small pieces. The Se concentration of the plant material was determined using ICP-MS analysis (X-Serie2, Thermo Scientic) aer microwave digestion (Start 1500, MLS). One mL Milli-Q water, 5 mL HNO 3 (65%, subboiled) and 1 mL H 2 O 2 (30%, p.a.) was used for 200 mg of each sample. Plant material from seven different sites was digested. If available, plant material from two different plants from the same site were digested also which adds up to 28 samples. For quality assurance of the digestion process, three samples were analysed in duplicate. The difference in Se tot was #4.5% (Table S7 † ). The accuracy of the ICP-MS analysis (Se # 8%) was tested by including the certied standard HPS CRM-TMDW (High Purity Standards, USA) into the measurements. For more details on the sample digestion and results of quality measures, please refer to the ESI. †
Sequential extraction and XANES analysis
Information about the Se speciation and way of xation was gained using the sequential extraction scheme of Zhang and Moore 64 which was modied according to Wright et al. 65 In the protocol, six operationally dened Se fractions are distinguished: Fraction 1: easily soluble Se (using 0. 25 66 Two gram (air dried) of all root zone soil samples as well as soil from 0-2 cm, 2-5 cm and 5-10 cm of Field-1 to -3 were subjected to sequential extraction. The concentration of Se in each fraction was measured by ICP-MS (X-Series2, Thermo Scientic). The accuracy of the ICP-MS analysis (Se # 6%) was tested by including the certied standard HPS CRM-TMDW (High Purity Standards, USA) into the measurement protocol. The quality of the extraction was checked by including the GXR4 reference material (Park City, Utah, USA) into the extraction procedure (Se: 97, 106%). Additionally, two samples (Mustard root zone, Field-1, 0-2 cm) were extracted in duplicate and one sample in triplicate (Field-2, 2-5 cm). The total Se concentration differed less than 1% for the samples analysed in duplicate and less than 10.1% for the one analysed in triplicate (Table S5 †) . For more details on the quality assurance of the sequential extraction, please refer to the ESI. †
The relative binding intensity of Se within the different soils was characterized using the reduced partition index (IR) [67] [68] [69] that is based on the results of the sequential extraction. A low value of IR is indicative of a high proportion of soluble Se whereas high values (close to 1) stand for a dominance of Se that is bound in the residual fraction.
The Se speciation in bulk soil, single particles and in bulk material of different plant parts was measured on pressed pellets of ground material and unsupported thin sections (single particles) using X-ray absorption spectroscopy (Fig. S4 †) . The experiments were carried out at the SUL-X beamline of the synchrotron radiation source of the Karlsruhe Institute of Technology (KIT). Selenium K-edge spectra were recorded using a monochromator with Si(111) crystals. The beam spot size was 1 Â 1 mm 2 for bulk and 0.1 Â 0.1 mm 2 for single particle analysis. The beam spot size was 1 Â 1 mm 2 for bulk and 0.1 Â 0.1 mm 2 for single particle analysis. The photon ux density was 1.5 Â 10 11 photons per s. XAS measurements were performed in uorescence mode (Se Ka X-ray uorescence) using solid state detectors (one element Vortex silicon dri detector (SDD)). The XAS scan energy ranged from $200 eV below the rst inection point of elemental Se (12 658 eV) to $12 900 eV. Short scan times of $10 min were chosen in order to avoid beam-induced redox reactions or volatilization of organic Se species. Each spectrum is the merge of two to six measurements at slightly different spots (Fig. S5 †) . A spectrum of elemental Se (8 wt%) was collected simultaneously with each scan for energy calibration. The identication of the individual Se species and its respective contribution to the measured spectra was calculated by linear combination tting (LCF) in the range of À20 to +120 eV using several Se references and the IFEFFIT soware package. 70 and selenite (Se IV , Na 2 SeO 3 ) were used in a diluted form as inorganic references. The spectra of organic Se species included secysteine (SeCys), semethionine (SeMet), dimethyl-selenide (DMeSe), Se-methyl-selenoL-cysteine (SeMeCys). Apart from SeMet, all organic spectra were kindly provided by G. Sarret.
Statistical data analysis
Pearson correlation coefficients (r P ) were calculated to determine and conrm relationships between different elements or parameters using the soware package Originlab2015. Given errors always refer to the rst standard deviation.
Results
Soil geochemistry
The Se tot concentration is in the range of <1 mg kg À1 in the lower layers of all soil proles up to 13.0 mg kg À1 in the top soil 
Selenium speciation in soil
Considering all soil samples, the fractions that are associated with elemental Se and oxidically/carbonate bound Se are dominant with a proportion of 23-58% and 14-33%, respectively. Selenium associated with organic material also has a considerable relevance in most of the samples with 9-18%. Easily available, adsorbed and residual Se have a proportion of 5-22%, 4-9% and 4-11%, respectively ( Table 2 ). The share of Se in the individual fractions is more or less similar in the samples of 0-2, 2-5, 5-10 cm depth at Field-1 to Field-3 (Table S6 †) . Consequently, the mean of the three depth will be considered for each fraction throughout this paper. The given error stands for the standard deviation of the three depth. View Article Online fraction (58 AE 1.9%) and at the same time the lowest proportion of Se in the oxidically/carbonate bound fraction (14 AE 1.1%) of all samples. Selenium in the mobile fractions adds up to 16.1 AE 2.1% from which 10.0 AE 0.6% are in the easily soluble fraction and 6 AE 0.5% are indicated to be adsorbed at Field-1. The presence of elemental Se as well as selenite was also clearly indicated by XAS analysis at Field-1 with a share of 80 and 20%, respectively in the single particle analysis (Fig. 2) . In the bulk sample, also organic Se was identied with 20% in addition to elemental Se (30%) and selenite (50%). At Field-2, elemental Se (39 AE 3.1%) is again the main Se fraction but also Se in the organically associated (15 AE 0.2%) and oxidically/carbonate bound fraction (19 AE 0.3%) are present in a relatively high proportion. The percentage of Se in the easily available and adsorbed fraction is nearly similar to Field-1 with 10 AE 1.4% and 6 AE 0.4%, respectively. The opposite trend is detectable at Field-3 where the oxidically/carbonate bound fraction is dominant with 43 AE 4.3% and only 23 AE 0.7% in the elemental fraction. Again, the sum of the mobile fractions is comparable to the two other sites with 16 AE 0.5%. The root zone soil of the wheat showing pink chlorosis has by far the highest proportion (22%) of Se in the easily available fraction. The percentage of Se in the elemental and oxidically/ carbonate bound fraction is nearly even with 29 and 25%, respectively. The root zone soils of Indian mustard, sugarcane and garlic are relatively similar with the same proportion of Se in the elemental (30-34%) and oxidically/carbonate bound fraction (28-36%). In these soils, the percentage of Se in the easily available fraction is very low with 7 and 5%, respectively. However, the actual concentration in the garlic soil in each fraction is much lower due the lower Se tot (Table 1 ). In the clover root zone soil, 14% of the Se is in the easy available fraction. Again, the dominant Se fraction is elemental Se (32%) followed by oxidically/carbonate bound Se (22%) and organically associated Se (18%).
Selenium concentration in plants
The Se concentration is generally very high in all plant parts with a maximum of 931 mg kg À1 in the Indian mustard leaves.
However, the concentrations vary considerably between the plant parts of the same species and especially between the different plant species (Tables 3 and S8 †) . Still there is an increasing trend in Se concentration towards the top of most of the plants.
In total, the highest Se concentrations can be found in Indian mustard, a semi-accumulator plant, 19 ranging from 186 mg kg
À1
in the root up to 931 mg kg À1 in the leaves. In our study, garlic has much lower Se concentrations compared to Indian mustard despite being a known accumulator of Se. 49 Here, highest concentrations were found in the roots with 41 mg kg À1 and lowest in the bulb with 14 mg kg
. From the non-accumulator plants, highest Se concentrations were found in the wheat showing pink chlorosis with up to 738 mg kg À1 in the leaves and 182 mg kg À1 in the roots. The Se concentration in the wheat at
Field-1, which shows white chlorosis, is also extremely high with ).
Selenium speciation in plants
In general, all investigated plant parts show distinct peaks or shoulders at approx. 12 662 or 12.664 eV which is a typical energy for organic Se species or selenite in the latter case. The peak at approx. 12 668 eV is clearly indicative of selenate (Fig. 3) . The quantication of organic Se and inorganic Se species and the separation of selenate and selenite was done using LCF (Fig. S7 †) . Due to the difficulty to clearly distinguish between individual organic Se species, only the total of tted organic species is considered within this study.
The XAS-spectra of sugarcane roots (Fig. 3) are dominated by one clearly visible peak at 12 663.8 eV, which can be tted using organic Se species (80%) and selenite (20%). In the spectra of the upper leaves, two peaks at 12 663.8 (organic Se, selenite) and 12 668.1 eV (selenate) can clearly be identied LCF resulted in 63% organic and 37% inorganic Se (with selenite as dominating species) (Table 4) .
Wheat showing pink chlorosis also is clearly dominated by inorganic Se (54-75%) mainly in form of selenate as suggested by LCF (Table 4 ) and the presence of a strong peak at 12 668.1 eV in the XAS spectra of roots and leaves (Fig. 3) . The shoulder at 12 662 eV is tted as organic Se (25-44%). The Se speciation in wheat from Field-1 and Indian mustard is listed in Table 4 for comparison. For more details on the speciation of these plants, please refer to Eiche et al.
84
In the clover stem, inorganic Se is indicated to be dominant (81%) with a distinct peak at 12 668.1 eV. LCF suggests selenate to be present in the stem with 64%. In the leaves, organic Se is slightly dominating according to the LCF with 58% and indicated by a shoulder at 12 662 eV (Fig. 3) . Selenite seems to be of minor importance with 15-17% (Table 4) .
Discussion
Processes inuencing Se distribution and speciation in soil All top and root zone soils can be classied as seleniferous at our study sites based on the threshold value of 0.5 mg Se per kg (ref. 71 ) with Se concentrations ranging from 2.0 to 13.0 mg kg À1 ( Fig. 1 and ) and relative percentage in each fraction of the applied sequential extraction scheme. The dominant species is underlined. Results of Field-1 to -3 are given as mean of three samples (0-2, 2-5, 5-10 cm). The maximum standard deviation is 5.3%. Table S2 †) indicating that this is the natural Se content in the parent soil material of the area. Our results strongly suggest that irrigation is the decisive process that controls the excess Se input into the soils which is in agreement with earlier studies. 21, 22, 63 Accordingly, the three times higher average Se tot content in the topsoil of Field-1 compared to Field-3 (Table 1 ) can partially be explained by the higher water demand for the rice-wheat rotation at Field-1. Calcium and especially Sr, which have high concentrations in the irrigation water (Table S9 †) , 57 are also enriched in topsoils and with a similar depth distribution to Se (Fig. 1) . This further supports a considerable inuence of irrigation on the excess soil geochemistry. Apart from irrigation, the Se tot content of Field-1 is probably inuenced by its location in a small dip next to an irrigation channel. Here, Se rich water both from the eld and leaking in from the irrigation channel itself can accumulate, which locally enhances the natural soil Se content. Leaching of Se deeper than the plough layer is not indicated to be of importance at our study sites.
The individual values are given in the ESI
Not only the Se tot content but also the indicated Se speciation in the soils varies both in time and in space. We can observe a signicant shi in Se speciation from irrigation water, where selenate is reported to be the sole species, 22 towards less mobile species in all soils that were investigated ( Table 2 ). The relatively low proportion of easily available Se (5-15%), which can mainly be assigned to selenate in the soils, 65 indicates that immediate and preferential plant uptake of irrigation induced selenate and its transformation into less mobile species within the soil considerably changes the primary Se speciation over time. Similar has been observed by Schilling et al. 22 in Punjab or other studies that were carried out in the context of biofortication. 69, 72 With regard to Se species transformation, biotic and abiotic reduction of selenate are of importance. 22, 37 In View Article Online a rst step, selenate is reduced to less mobile selenite, 35, 36 a fraction that accounts for only 4-8% (Fraction 2) in our soils. Still, the presence of selenite has also been proven by single particle XAS-analysis (Fig. 2) . The low proportion of selenite could partly be explained by a diminished sorption capacity of alkaline soils for oxyanions (Table 1) . More importantly, selenite can be further reduced to elemental Se, which is indicated to be a major species at most of our sites with 23-58% (Fraction 3, Table 2 ). Bajaj et al. 42 showed that certain microbes (Duganella sp., Agrobacterium sp.) isolated from the same soils in Punjab are capable of reducing selenite to nano-particulate elemental Se. In addition, inorganic Se 0 formation from dissolved selenite and selenate can be observed during the transformation of Fe-oxides, 73 which is a common process in soils. Consequently, reduction to elemental Se can be considered as major immobilization and thus enrichment process of Se at our sites. Selenium can also be incorporated into Fe oxyhydroxides during oxidizing/reducing cycles as indicated by the relatively high proportion of Fraction 5 (14-43%; Table 2 ). Additionally, we assume that selenate that has been co-precipitated with calcite aer irrigation is of importance in this fraction; a process which has already been proposed by Eiche. 74 The fact that Se concentrations in the top 2 cm are depleted in comparison to the underlying 5-10 cm indicates that biomethylation and volatilization of Se might be another microbial transformation processes that actually removes Se from the soils. Selenium associated with organic matter is also of importance as indicated by a share of 9-18% (Fraction 4). This association is further supported by the strong correlation of Se tot and C org in all three depth proles (r P > 0.98, n ¼ 7, Fig. 1 ). Organic matter can have a considerable inuence on the mobility of Se either via direct complexation of Se, 75 the formation of organo-mineral associations that protect adsorbed Se or by fuelling the creation of localized anoxic zones.
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From our study, we cannot distinguish between organic Se species that result from the decomposition of Se enriched plant material ( Table 4 ) or Se that is interacting with organic molecules.
The share of individual Se species is strongly inuenced by the agricultural practice. We assume that the high proportion of easily available Se (22%) in the root zone soil of the wheat showing pink chlorosis can be explained by a diminished removal of bioavailable Se from the respective soil due to a reduced number of crop plants growing on the small ridge where the plant was taken. Consequently, the balance between selenate input (dissolved Se concentration & amount of irrigation water) and consumption (number of Se consumers per area unit) in addition to the rate of transformation determines the actual selenate content in the soil at a certain location.
The transformation processes are strongly inuenced by the dominant irrigation regime. At least partly reducing conditions, which can develop during stagnant periods of rice cultivation, explain the much higher proportion of elemental Se (58%) at Field-1 compared to Field-3 (23%) ( Table 2 ). The importance of elemental Se at Field-1 has already been proposed by Eiche 74 and is further conrmed by the bulk and single particle XAS measurements that clearly indicate elemental Se as major Se species (Fig. 2) . Fields under maize-wheat rotation, however, are dominated by Se that is oxidically/carbonate bound (43%). The relatively high proportion of elemental Se in all soils independent of its land use could be due to the fact that localized reducing microzones develop in soil aggregates independent of the bulk redox state when sufficient organic matter is available. 77 An overestimation of elemental Se at the expense of organically associated Se 65 is also conceivable. This could partly explain our much lower share of organically bound Se compared to Schilling et al. 22 who found up to 80% of this fraction in topsoils of other sites in Punjab. However, also sampling at different plant growth states could explain the differences in Se speciation between our study and Schilling et al. 22 
Selenium content in plants and its relation to soil
The total Se content in different plant parts is alarmingly high with up to 931 mg kg À1 in known accumulators and up to 738 mg kg À1 in non-accumulators (Table 3) . Especially the latter is remarkable as non-accumulators are reported to rarely exceed Se contents of 50 mg kg À1 . 49, 50 Even in seleniferous areas, Se concentrations in these plants are typically below 25 mg Se per kg. 51 In our study however, Se in clover, wheat (except Field-3) and sugarcane are 1.2 to 30 times higher compared to this value (Table 3) . Still, the concentrations are mainly in a range that has been reported by other studies from the area. 22, 55, 57, 71, 78 There is a clear positive relation between Se tot in soils (r P ¼ 0.89, n ¼ 6) or the I R (r P ¼ 0.90, n ¼ 6), as known indicative parameter for bioavailable Se in soils, 68 and the Se mean in the plants, when Indian mustard and wheat showing pink chlorosis are not taken into account. Thus, both the bioavailable and Se tot content in soils could be rst indicators to predict possible Se enrichment in plants at our sites. The actual extent of plant Se enrichment, however, is clearly depending on the plant species itself due to genetic differences. 49 In our study, this becomes apparent when comparing wheat from Field-2 and sugarcane, which differ in their Se mean in plant material by nearly 100% (34, 63 mg per kg dw) despite similar Se tot in the soils (5.2, 4.7 mg kg À1 ) (Tables   1 and 3 ). The plants can be separated into two groups based on the Se distribution within the plant. While wheat showing white and pink chlorosis as well as Indian mustard are clearly Se enriched in the upper plant parts by a factor 2 to 5 compared to the roots, the Se content in the other plants is more evenly distributed ( Table 3 ). The considerable Se concentrations in all plant roots point towards a substantial uptake of organic Se or selenite.
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Especially the latter is known to be retained in roots via quick transformation into organic species. [80] [81] [82] Our assumption is supported by the fact that organic Se is indicated to be the dominant form of Se in all roots except the wheat showing pink chlorosis ( Table 4 ). The strong enrichment of Se in leaves of white and pink coloured wheat and Indian mustard (leave/root ratio > 1.4) suggests a substantial uptake and inner-plant transport of Se in form of selenate 79, [82] [83] [84] despite the relatively low indicated importance by sequential extraction (Fraction 1, Table 2 ). The lowest IR of all soils at the two sites, however, (Table 1 ) supports a relatively high Se bioavailability. 68 It is important to remember in this context that all speciation related methods can only capture the current situation but cannot provide information about Se species that have already been taken up. We assume that intensive irrigation like at Field-1 leads to a regular and considerable input of fresh and thus highly bioavailable selenate that is mainly not retained in the soil but quickly taken up and transferred to upper plant parts. This assumption is further conrmed by the high proportion of Se as selenate that can be found in the leaves of these three plants (both wheat plants, Indian mustard) with Se dominance in upper plant parts (Table 4) . Due to a different form of land use, all other sites are less (Field-2, 3, sugarcane) or not even intentionally irrigated (clover, garlic) so that the original pool of mobile selenate and its regular replenishment is much smaller. Consequently, uptake of Se in form of selenite or organic species is probably higher or equal to selenate at these locations.
Selenium speciation and toxicity in plants
So far, it is not possible to dene a reliable threshold value above which plants develop signs of toxicity such as chlorosis, withering or stunted plant growth. 38 This might in parts be explainable by the fact that only wheat plants show clear Se concentration related signs of chlorosis while many other plants form less clear symptoms like leaf tin burning or brown spots on the leaves.
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In our study, wheat plants without visible signs of chlorosis have Se concentrations below 50 mg kg À1 , which is at least four times less than in wheat that shows clear signs of toxicity. This is in accordance with other authors who reported toxicity symptoms for wheat with more than 100 mg Se per kg (ref. 57) and more than 325 mg Se per kg. 85 Interestingly, wheat showing signs of white and pink chlorosis have similar Se concentrations in their roots and stems (Table 3 ). In the pinkish wheat, however, both the Se concentration (twice as high) and the proportion of inorganic Se (30% more) is clearly higher than in the whitish leaves (Tables 3 and 4 ). This indicates that the type of chlorosis is largely controlled by the extent of inorganic Se uptake probably as selenate which is the more bioavailable form and indicated to be present in these soils with a relatively high proportion (Tables 1 and 2 ). These ndings also go in line with earlier studies, which indicate a reduced transformation to organic Se species with increasing selenate uptake. 84, 86 Instead, excess selenate that is transported to the leaves can be sequestered in vacuoles of cells. 87 However, plants seem to face problems with the high selenate content despite its possible storage in vacuoles as indicated by the pink chlorosis.
Clover shows no visible signs of toxicity despite the high proportion of inorganic Se especially in the stem (81%) but also in the leaves (42%) ( Table 4) . Inorganic Se, which is taken up, seems to largely be transported through the stem to the leaves where about 50% are indicated to be transformed to organic Se species. Due to the much lower total Se content compared to the pinkish wheat (Table 3 ) the plant seems to be able to transform a much higher proportion of inorganic to organic Se species (Table 4 ). This could also be one reason for the lack of visible toxicity signs but clover is also reported to have a low tendency to develop Se related chlorosis. 57 The comparable Se concentrations in all plant parts despite the dominance of mobile selenate in the stem could indicate that volatilization of Se is of importance in the leaves. This would also partly explain the high proportion of organic Se in the leaves.
Despite similar mean Se concentrations to clover, a much smaller proportion of inorganic Se, and nearly no selenate, can be identied in the sugarcane (Table 4) . This ts to the results of the sequential extraction where sugarcane has the lowest proportion of easily available Se (Table 2 ) and the highest I R (Table 1) . Therefore, either no considerable amount of selenate has been taken up or it already has been largely transferred into organic Se species. The high proportion of organic Se might partly be related to biomethylation of Se as Schilling et al. 22 found indications that this is a considerable metabolic process in sugarcane from the area. Dhillon & Dhillon 88 showed that the volatilization rate of sugarcane (6.84 to 31.5 mg per day per ha) is 5-6 times higher compared to other investigated crops like wheat, rice or mustard.
Implications for biofortication measures
Agronomic biofortication measures are a possible choice to raise dietary Se levels in Se decient areas. Adding selenate to soil combined with fertilizer is one option that has been carried out in the past (e.g. ref. 89 and 90) . Even though this method has proven to be highly successful in raising dietary Se concentrations, only 5-20% of the added Se has nally been detected in the plants (e.g. ref. 72, 91 and 92) . Due to the relatively low annual Se addition (10-20 g ha À1 ) the time frame since the rst application of selenate in biofortication measures (20-30 years) has been too short to allow reliable conclusions about the environmental fate of the remaining 80-95% of the added Se. 72, 92, 93 In our study, the interval between rst selenate input and detectable changes is considerably shortened due to the large quantity of irrigation induced Se (2.6 to 5.2 kg ha
À1
) and can thus be taken as helpful case study to resolve questions about the biofortication inuenced Se cycling.
Our study conrms that the input of selenate into the soilplant system in Se decient areas is probably the most effective and immediate way to assure a sufficiently high dietary Se level 54, 89 especially if food derives from above ground plant parts; but probably also the one with highest risks if improperly applied. As many plants are prone to easily take up large amounts of selenate, 79 already a small shi in the balance of Se uptake vs. removal towards selenate uptake (e.g. low number of Se consumers on a eld) or a slight change in mobility inu-encing parameters (e.g. pH-value, redox-conditions, microbial communities, competing ions) can cause potentially toxic Se levels in plants and the food products made from it. Especially wheat, which plays an important role in the production of Serich food, 90 is able to signicantly increase dietary Se concentrations if selenate is supplied. Of further concern is the high probability that enhanced selenate availability will lead to (1) a change in Se speciation from less toxic organic to more toxic inorganic Se species in food and forage, 2,16 (2) poor harvests due to diminished plant health and (3) unhealthy livestock. 62 Consequently, selenate based biofortication has to be carried out with care to avoid selenosis, economic losses and a waste of Se resources if large amounts of added Se are volatilized.
In accordance with other studies (e.g. ref.
72 and 89), we can demonstrate that a major part of selenate that is introduced into the soil via biofortication will be transferred into other, less mobile Se species thus creating a long-term (selenite, organic Se species, Se in carbonates) and non-available (elemental Se) Se pool. Darcheville et al. 41 showed that microbial assisted processes are of special importance in this context. The individual share of the different Se species will depend on the form of land use, the small scale eld morphology and the soil mineralogy and biogeochemistry. Selenate that is not immediately taken up by the plants will be retained in the soil through species transformation eventually causing a severe Se enrichment. Additionally, inorganic Se that is transformed to organic species within the plants will also return to the soil if not removed by harvest. The strong enrichment of organic Se in all roots at our study sites, however, clearly indicates that considerable transfer probably of selenite and/or organic Se into plants can take place despite the reduction in mobility.
Conclusions
Our study shows that soils play an important role in controlling the Se cycling in the critical zone as they can both act as sink and source of Se. A similar background Se concentration in all soils clearly indicates that the high soil Se concentrations in the uppermost part of the soils were not naturally present but result from secondary processes. In this context, irrigation water, where selenate is the sole species, is the primary source of excess Se and thus strongly inuences the total Se concentration not only in the soil but also in the plants to which Se is largely transferred. Secondary processes that control the Se enrichment and speciation in the soils are: selective removal of Se species by plant uptake, accumulation and redistribution through microbial Se transformation and degradation of Se enriched organic matter. Agriculture, especially the form of land use, strongly inuences all processes and is thus, a major factor in the local Se cycling.
Selenium contents in plants within the study area are alarmingly high and could pose a severe threat if used as forage for livestock. A reliable prediction of plant Se concentrations is still not possible. Our results demonstrate that even knowledge about Se speciation in soils is not sufficient to explain or even predict the Se transfer into plants. Extractions, like all other speciation-characterizing techniques, can only provide a snapshot of the situation in the soil at the time of sampling but cannot provide information about the change in speciation in the course of the year. Especially external input of highly mobile selenate, for example through irrigation or biofortication measures, is not necessarily captured in the soil speciation if quickly taken up but will have severe impact on plant Se content and plant health.
Our results demonstrate that biofortication measures using selenate should be carried out with care. Quick success in Se enhancement in food products has to be balanced with danger of chlorosis, less favourable Se speciation in food and general and long-term increase of Se in the plant-soil system. Loss of Se to the atmosphere due to volatilization makes the whole measure less economic and thus is a waste of resources if not carried out with care.
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